Vascular networks are widely thought to be organized to traffic oxygen and dissolved chemicals to tissues as efficiently as possible. Yet the kinetics of oxygen disassociation require that red blood cells travel through each capillary at approximately the same rate, and it is not known how vascular networks realize uniform flow across fine vessels distributed at different distances from the heart.
tissue surrounding a capillary will not receive enough oxygen, but if too high, then the total energy cost of transport will increase. Models of vascular networks as symmetric branching trees [7] [8] [9] place all capillaries the same distance from the heart. In a symmetric vascular network all vessels of the same radius receive identical fluxes, but in real asymmetric networks capillaries are placed at different distances from the heart; no existing theory explains then how flow is uniformly divided between capillaries. We studied the asymmetric vasculature of the embryonic zebrafish trunk as a model for the partitioning of red blood cells (RBCs) among micro-vessels since the architecture [10] and RBC fluxes [6] through the entire vascular network can be completely mapped.
Results
Oxygenated RBCs flow into the zebrafish trunk via the dorsal aorta (DA) and flow out via the posterior cardinal vein (PCV). The peripheral network consists of a series of intersegmental vessels (Se) spanning aorta and cardinal vein like the rungs of a ladder (Fig. 1A) . Ses are broken into SeAs (arteries) and SeVs (veins) depending on whether they connect to the DA or PCV. Although embryonic tissues receive oxygen primarily by diffusion through the skin [11, 12] , vascular transport becomes essential to embryo development after 2.5 weeks [13] .
The first Se is much closer to the heart than the last Se so existing theory predicts that it will short-circuit the network. Since flow is laminar within the vessels [14, 15] , we can model the trunk vessels as an hydraulic resistor network [2] . In this network the resistance, R, of each vessel in the network is related to its length, and radius r by the Hagen-Poiseuille law[16] R = 8µ wb πr 4 , where µ wb is the whole blood viscosity µ wb ≈ 5 cP [17] . Solving for the flows in the network requires calculating the pressures at each point where a segmental artery branches off from the aorta. These pressures are obtained by applying Kirchoff's First Law at each branching point. The full calculation is given in the Supplementary Information (SI) but we can derive an approximate analytic expression for the pressures and fluxes by assuming all SeAs have the same radius and length, as do all DA segments between Se. Then if the respective conductances are κ 1 for DA segments and κ 2 for SeAs, flux conservation at the j th branching point gives
where p j is the pressure where the j th SeA branches off from the aorta. The solutions of this equation are of form
− where C ± are constants and ξ ± are roots of the characteristic polynomial
Since ξ + ξ − = 1, and ξ + + ξ − > 2, we can order the roots so that 0 < ξ − < 1 < ξ + . ξ + gives exponentially increasing pressure, so the C + ξ j + term can only be non-negligible for a small number of distal Se. Thus the model predicts that fluxes decay exponentially with distance along the trunk (Fig. 1B) . Since κ 2 κ 1 , the decay factor is approximately congestion we adopted a model previously used for the traffic of droplets in microfluidic channels [19, 20] . Specifically the resistance of the capillary with n RBCs is modeled as
(See SI Appendix for a derivation of Eqn. (S2)) whereR is the original resistance given by Hagen-Poiseuille law, n is the number of RBCs, µ pl ≈ 1 cP is the plasma viscosity [17] , RBC is the length of a RBC, r is the radius of SeA, and d is the distance between the RBC and the endothelial wall. Eqn (S2) predicts negative feedback: if constant pressure is maintained across the Se, then the probability of further cells entering the vessel decreases as n increases (Fig. 2C, inset) , consistent with measured range of thicknesses of the glycocalyx coating [25, 26] .
To probe how variation in the amount of congestion between Se vessels effects RBC partitioning we studied a reduced model of the vascular network. We built a mean field model for the flows in a model network including only the first and last Se (Fig. 3A) . Suppose in each capillary the RBCs are well mixed and they divide in proportion to flow rates at branching points. Then the red blood cell concentration (#/volume) will be the same in all vessels. Let R i be the modified resistance of i th vessel according to Eqn (S2). Then conserving fluxes at each node of the network gives:
where F is the influx into the first node. We can solve Eqn (S3) by Crammer's rule. Defining a matrix determinant
the fluxes in each vessel are given by
ratio of the flux between the last and first Se:
where α 2 , α 4 are respectively the values of α c in the first and last Se,R 2 ,R 4 are the uncongested resistance calculated by the Hagen-Poiseuille law in vessels 2,4, and V i is the volume of vessel i. We use Q 4 /Q 2 as a measure flux uniformity.
Many of the parameters in Eq.(S6) are tightly constrained: the dimensions of the two Se are similar (i.e.R 2 ≈ 2R 4 and V 2 ≈ 2V 4 ), moreover, since the vessel network extends during the the growth of the embryo and supplies the tail fin in adult zebrafish [27, 28] , the caudal DA has to maintain the same radius as the rostral DA, leading to 
(See SI Appendix for derivation) Here l i is the length of the vessel i, r a is the radius of DA, and r c is the radius of SeA. To compare equivalent networks as we vary α 2 we also vary F to keep the total flux through the SeAs (Q 2 + Q 4 ) constant. Since total flux is held constant D RBC , the dissipation within the lubricating layers surrounding each cell increases with α 2 , driving up the network dissipation. Thus increasing uniformity by increasing α 2 decreases the transport efficiency of the network (Fig. 3B) .
Discussion
Incorporating congestive feedback that varies in strength from first to last Se leads to optimally uniform distribution of fluxes, matches real zebrafish data (Fig. 1D) , and leads to uniform oxygen perfusion in the trunk (Fig. 4A) . To test whether variation in congestive feedback is adaptive, we modeled different variations in feedback (that is varying the total change in α c between first and last Se) and computed for each network the coefficient of variation of the RBC fluxes. The simulation is based on a discrete droplet model [19] . Initially all RBCs are placed equi-distantly in the aorta. At each step we calculate the resistance for each capillary by Eqn (S2), and solve for each of the flow rates Q j , j = 1, ..., 2n for each vessel. Then we let all RBCs travel according to the predicted plasma speed. If a RBC arrives at a node it stops and decides which capillary to enter by a Bernoulli process with probability determined by the flow rate ratio of the capillaries. Flows are then recomputed. If a RBC arrives at the end of the tail or any SeA it returns to the first node. We found that near uniform flux can be achieved only over a narrow range of feedback variations. Too little variation, and the first Se short-circuits the network. Too much, and the caudal vessels receive more flow than rostral vessels. Optimal variation depends on hematocrit (concentration of RBCs) and defines a curve in (α c , ρ) space. We found that the empirical feedback strength is close to the optimal value for the real zebrafish hematocrit [29] (Fig. 4B ).
More uniform partitioning of RBCs between SeAs is possible but altering physiological parameters creates tradeoffs in the transport efficiency. For example decreasing ρ increases RBC uniformity, but at the cost of increasing the dissipation. On the other hand, the zebrafish vascular network is far from minimizing transport costs: in particular either increasing ρ or decreasing the feedback variation would reduce dissipation three-fold or more (Fig.   4C ). Thus transport efficiency alone does not appear to be the main objective function for the zebrafish trunk network.
Conclusion
Our direct measurements showed that there is a 93 fold variation in the thickness of the plasma-layer surrounding
RBCs between first and last Se, allowing wide control of the amount of congestion created by RBCs in different vessels.
This variation is consistent with previous measurements of the thickness of glycocalyx [26] -the protein coat that is thought to lubricate RBC flow in fine vessels, suggesting that glycocalyx thickness tuning may provide a general mechanism for uniformizing RBC fluxes [26] .
Additionally our mechanistic analysis shows the sensitivity of RBC partitioning to different forms of perturbation, which in real micro vascular networks may include morphological mutations [13] , infarcts [30] , and micro-aneurysms [31] .
We studied RBC partitioning under variation in the spacing of Se [10] and the introduction of a DA-PCV shunt [32] .
We found that under a wide range of Se spacing variability, RBC fluxes remained uniform (SI). However, when a shunt is introduced between DA and PCV close to the heart the absence of congestive feedback in the shunt causes it to short-circuit the vascular network (SI). Shunt formation is lethal in embryos, and our model shows that it creates conditions under which congestive re-distribution of RBCs is impossible.
In conclusion, the observed uniform flow in the zebrafish trunk within Se vessels results from the tuned congestive feedback of RBCs. Vascular networks have been extensively studied as models of optimal networks that minimize transport costs. Congestion within transport networks hinders efficient transport, and extensive work has targeted congestion-elimination in human-built networks for transporting data or vehicle traffic. Here we have shown that tuning, rather than eliminating, congestion is a key feature of how uniform flow is maintained at the level of the finest vessels; Moreover by exhibiting direct trade-offs that exist between achieving uniformity and minimizing the cost of transport, we show that efficient transport does not, though uniformity of flux may, provide a central organizing principle at the finest scales of the vascular network. ρ is decreased (white arrow) but doing so leads to rapid increase of the normalized dissipation, decreasing transport efficiency. In this calculation we altered ρ and feedback variation, and varied the total flux into the trunk to keep the total RBC flow through the fine vessels constant. The dissipation is normalized by its value for the real zebrafish parameters.
